Introduction.
The theoretical understanding of phase transition has made dramatic progress in recent years with the introduction of the renormalization group theory [1] . However, the field of structural phase transitions has not been so much influenced by this conceptual developments, as the divergence of critical fluctuations is cut down by the discontinuous first order nature of most crystalline transitions. With improving experimental techniques several such first order transitions have in fact been recognized not to occur in just one step but through one or more intermediate phases presenting incommensurate modulations [2] .
In this paper we shall present a new example of such a situation for a very common material : quartz.
Silicon dioxide (Si02) is a compound which exhibits a great variety of phases, either crystalline or amorphous [3] : quartz is the stable crystalline phase under normal conditions of temperature and pressure. Upon heating to about 847 K quartz transforms from the low temperature a phase of symmetry group 32 to the more symmetric high temperature f3 phase of symmetry 622. Since its discovery by Le Chatelier in 1889 [4] this transition has been most extensively investigated.
While the older results are described in the book of Sosman [3] the more recent ones can be found in several review papers [5] [6] [7] [8] . The In the a phase the temperature variations of most physical properties can be related to the variation of yy as described by the Landau theory of first order phase transitions [7] . A soft mode has been observed in the early days of laser light spectroscopy by Raman scattering [9] .
In j8 phase a more complex situation arises : several properties such as certain elastic « constants » show important variations above the transition temperature which cannot at all be understood in the framework of usual mean field theory [7] . Furthermore certain Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:01984004502036100 puzzling phenomena have consistently been observed just at the transition in particular an intense light scattering [10] , which reveals the existence of heterogeneous structures during the coexistence of the two phases [11, 12] . A heterogeneous structure has indeed been observed directly by electron microscopy and interpreted as microdomains of the Dauphine twin type [13J.
These observations led Aslanyan and Levanyuk [14] to a different hypothesis : they suggested the possibility for the existence of an incommensurate phase resulting from a coupling between elastic strains and the spatial derivatives of the order parameter q. A first experimental support for this idea emerged when one of us [15] [17] the problem of the a-fl transformation was investigated by Axe and Shirane [18] . In the P phase a low frequency excitation was found and interpreted as a usual overdamped soft mode, the frequency varying with temperature as woo -(T -T 0)1/2, with To -T c -10 K. The eigenvectors of this mode were also determined and found to be similar to the atomic displacements at the transition. A few years later Bauer et al. [19] showed that the diffuse scattering occurring at high temperature and discovered by Arnold [20] [22] who found that a disordered model fitted their data better.
In part 2 Bragg peak intensities as a function of temperature have been studied earlier by R. A. Young [25] using X-rays and by Wright and Lehmann [22] using neutrons. Structurally these intensity changes can be related in first approximation to a decrease of the SiO 4 tilt angle 0 from a value of 17 degrees at room temperature to 6 degrees at the a-fl transition [6] [7] [8] . Figure 2 gives the temperature variation of the (022) Bragg peak intensity as measured in this study using D 10 in the diffractometer mode of operation.
The overall behaviour of the Bragg intensity curve is not unlike the Cp curve of figure 1. Upon heating from the a phase one first observes a smooth intensity increase followed by a strongly overshooting part corresponding to the coexistence state. Upon cooling the intensity starts to increase around Ti and a strong overshoot is also observed during the coexistence state.
Here the range of coexistence is wider in temperature than in the DSC experiments. This is due to the fact that for the neutron experiments a massive sample had to be used which necessarily induces thermal inhomogeneities when the temperature is changed continuously through the transition (typical rate : 0.02 K/min.).
These strong intensity variations are related to extinction phenomena : because of the rather long neutron wavelength used for the sake of resolution, and given the sample size as well as the good crystal quality, the Bragg intensities recorded here are obviously strongly reduced by extinction. The coexistence of phases with different specific volumes induces elastic strains within the sample which in turn produce an important reduction of the extinction and lead to the observed intensity overshoots [26, 27] . The slow intensity enhancement at the onset of the INC phase might well be due to an extinction reduction caused by the very large thermal expansion of this new phase [15] .
Let us describe in some more detail the changes in shape and intensity observed for the (022) Bragg peak at the transition : the intensity profile of a Q-scan along the b* direction for two temperatures (ot and P phase) is given in figure 3a . In heating from the a to the B phase one notices a considerable intensity decrease and a peak shift of 0.007 b* due to thermal expansion. These measurements performed without the energy analyser yield the total scattered intensity including the neutrons scattered inelastically by thermal phonons.
The intensity of this Thermal Diffuse Scattering (TDS) at the bottom of the (022) [18] . In the a phase this mode is underdamped and has a frequency of about I THz [9] figure 5 by the Table I . -Gaussian fit parameters corresponding to the Q-scan offigure 4 (Ti -0.8 K) and figure 8 (Ti + 1.5 K). I is the peak intensity in neutrons per minute, W is the full width at half maximum, qo the reciprocal distance from satellite to Bragg-peak, both in units of 10-3 a*. The two satellites being practically identical, mean values are given. [18, 21] at slightly higher q values and interpreted as the overdamped soft mode.
The complete study of the Q dependence of this diffuse scattering shows that it also presents an order 6 symmetry (Fig. 8) We shall now follow the scattered neutron spectra from the P phase down through the INC phase and into the a phase. Figure 9 displays the intensity variations of Bragg (022) and related satellite peaks (peak intensities form Gaussian fits). In figure 10 are given the corresponding values of the incommensurate During the present experiments the width of the coexistence region extended over a little more than 1 K. This temperature interval is not intrinsic but rather given by temperature gradients throughout the sample or strains caused by the cement used to hold the sample. In figures 9 and 10 the temperature variations of the parameters are indicated by dashed curves within the coexistence region : qo decreases while Ws increases so that close to Tc the satellites merge into the Bragg peak. At [24] and discussed together with recent electron microscopy observations of the mixed state.
The continuous temperature behaviour of qo did not show any hysteresis to within the temperature resolution of the present experiment. This seems to establish the incommensurate nature of the modulation rather than the existence of a high-order superstructure. Figure 11 synthesizes the present results quite well : we display Q-scans across the (103) Bragg peak in the (Fig.11 a) . Within the INC phase at T; -0.7 K two well resolved satellites appear (Fig. I 1 6) and move towards the central Bragg peak as the temperature is lowered. In figure 11 c we see a scan performed in the coexistence state at T; -1.7 K where the satellites are hardly separated from the Bragg peak, the intensity of which is already overshooting as a result of extinction reduction due to the phase mixing. 4 [32] to explain the INC phases of NaN02 [33] and Thiourea [34] . This [35, 36] . In general, however, class II INC systems are expected to exhibit rather narrow incommensurate temperature intervals so that the multisoliton regime has no time to develop and the lock-in transition is discontinuous [37] . This corresponds well to the case of NaN02 where T; -T, is of only 1.5 K, no higher harmonics are observed and the lock-in transition is first order [33] . The situation in thiourea is more complex, the incommensurate temperature interval being much wider, both higher order satellites and intermediate lockings to q = ) and -L are observed [34] . Hence (1 x proportional to the order parameter [7] . A similar result could be obtained by using uniaxial stress in the YZ plane which can produce a contribution Syyyz (1 YY (1 y:z also proportional to q [7] . This latter coupling is probably most easily observed if we judge by the analogous effect on Dauphin6 twinning [40] . The [43] which is very closely related to quartz. Electron microscopy observations [13, 24] have shown, at the interface of the a and phases a structural pattern very much simular to the one observed in quartz. It is thus very probable that AIPO 4 also has an incommensurate phase. It has also been reported that the tridymite phase of quartz also presents an incommensurate phase [44] . An incommensurate phase has also been reported in the I-D superionic-conductor B-Eucryptite (LiAIS04) which has a crystal structure of the B-quartz type [45] . This INC phase is related to the modulation in the Li positions but tilting of the Si04 tetrahedra [46] analogous to the one occurring at the quartz cx-P transition has been reported.
'Altogether quartz seems to be the good prototype material to study an incommensurate-type behaviour of the entire family because very large single crystals of very good quality are available. We have recently obtained new results using Raman light scattering techniques which we will report on elsewhere [47] .
